Синтезовано алгоритм контролю технiчно-го стану генераторiв водню, який включає: фор-мування вихiдних даних, визначення значень фазо-частотної характеристики генератора в контрольних точках, порiвняння апрiорi заданих i вимiряних значень фазо-частотної характери-стики генератора водню в контрольних точках у вiдповiдностi з обраним критерiєм.
Introduction
The use of hydrogen as a working body is one of the promising directions for improving energy systems [1] . A special role among such energy systems belongs to onboard power plants for which it is essential to ensure prolonged functioning under autonomous mode at minimal weight and size characteristics. Such systems primarily include a system for storing hydrogen in a chemically bound state, specifically based on hydroreacting compositions. A hydrogen generator in such systems acts as the basic element that determines the level of safe operation of the system in general [2] . Safe operation of hydrogen storage and supply systems of this type requires such values for parameters and characteristics, which warrant compliance with the requirements of regulatory documents [3] . In this connection, it is an important task to ensure conformity of technical characteristics with the regulatory requirements with respect to one of the basic elements of hydrogen storage and supply system through the implementation of appropriate control algorithms of their technical condition.
Literature review and problem statement
Paper [4] outlines promising methods for obtaining hydrogen from substances in which it is in a chemically bound state. It is shown that when receiving H 2 from water using Al, modified with ceramic oxides, the H 2 yield can reach values of the order of 4.8 % by weight. It should be noted that the reported data were derived from laboratory studies at which control over hydrogen generation process was executed indirectly. The results of control were used to study hydrogen generation processes only and are not meant to address diagnosing tasks. Paper [5] gives information about hydrogen storage systems based on metal hydrides and intermetallic compounds. Such systems are employed in space engineering, transportation vehicles, military naval applications, due to their compatibility with the fuel elements of the proton exchange membrane (PEM). The paper gives detailed descriptions of structural solutions for tanks considering thermolysis and hydrolysis. A given work left out technical solutions aimed to control the processes of thermolysis and electrolysis. Results of determining certain thermodynamic characteristics of the process of hydrogen sorption (constants of reaction rate, the activation energy, etc.) are reported in [6] . However, information on such characteristics is not used to form control algorithms over hydrogen sorption processes. Authors of [7] describe a procedure for the estimation of efficiency of a hydrogen generator, which includes a water electrolyzer. They proposed an algorithm for determining thermodynamic and economic characteristics of the installation "Electrogas". These characteristics were determined depending on the extent of using energy produced in the installation, as the ratio of the amount of energy, directed for storing, to the annual volume of electricity generated in the installation. The specifications considered are not meant to determine the technical condition of a hydrogen generator and reflect to the greater extent its commercial properties. To describe the processes that occur in hydride systems, authors of [8] employ isothermal charts. The use of such models in order to generate control algorithms does not make it possible to consider dynamic properties of hydrogen generators. Paper [9] notes that obtaining hydrogen by hydrolysis can yield large quantities of heat -up to 15.0 MJ/kg. Such a mode of operation can predetermine a possibility of the occurrence of an emergency [10] . To ensure safe operation of hydrogen generators, information is used about the results of measuring temperature [9] or hydrogen concentration [10] . Typically, such sensors possess a static relay characteristic that predetermines the implementation of trivial control algorithms over their technical condition based on the principle "pass -no pass". In [11] , attention is drawn to the fact that when using hydrogen in transport as a working body, an effective system for its safe operation is missing. Specifically, hydrogen generation equipment monitoring is implemented in a trivial way. Article [12] considers one of the promising options for creating nano-satellites using the hydrides and borohydrides of aluminum as combustible components. However, this work failed to tackle issues related to control over technological processes. Industrial designs of hydrogen generators typically realize control over one or two parameters of technological process for generating hydrogen [13] . Most often control is executed over such parameters that characterize the local properties of hydrogen generators of a given type. Authors of [14] propose control algorithm over a technical condition of hydrogen generators based on hydro-reactive compositions. Such a technical solution was patented [15] as a technique to control technical condition of the generator for a system of hydrogen storage and supply. A special feature of such an algorithm is the use of its amplitude-frequency characteristic at a fixed frequency. Such an approach to the formation of a control algorithm over technical condition of hydrogen generators does not provide information about its state throughout the entire range of frequencies. In this context, the issues related to the tasks on ensuring safe operation of hydrogen storage and supply systems include a problem on the organization of control over technical condition throughout the entire range of its working frequencies.
The aim and objectives of the study
The aim of present study is to synthesize control algorithm over a technical condition of hydrogen generator, which is based on the use of its phase-frequency characteristics.
To accomplish the aim, the following tasks have been set: -to justify the choice of a criteria for determining a technical condition of the hydrogen generator based on the results of its control;
-to state a problem on the identification of parameters at control points of frequency characteristics of the hydrogen generator;
-to solve the problem on the identification of parameters at control points;
-to develop an indirect method for determining phase-frequency characteristics of the hydrogen generator employed to construct a hydrogen generator control algorithm.
Development of control algorithm over a technical
condition of the hydrogen generator
1. Dynamic characteristics of hydrogen generator
Dynamic properties of the generator for a hydrogen storage and supply system are defined by its transfer function. This transfer function takes form [10] .
where K is the transfer coefficient; ,
are the time constants; S is the integrated variable.
Such a transfer function of the hydrogen generator will be matched with an integrated transfer function or an amplitude-phase frequency characteristic
where ω is the circular frequency; j is the imaginary unit. Upon multiplying the numerator and denominator of fraction (2) by the integrated function of form ( )
expression for W( jω) can be represented in the form of two additive components
where ( ) 1 2  1 3  2 3   1  2  2  2  2 2 2  2  3  2 3   1 1 ; 1  1   1  2  2  2  2 2 2  2  3  2 3 1 . The graphical dependence that determines performance of the vector W( jω) hodograph at the complex plane is parametric. Frequency ω is the parameter of a given dependence. This circumstance predetermines the selection of control points when constructing a control algorithm over technical condition of the generator of a hydrogen storage and supply system.
2. Selection of control points and a control algorithm over technical condition of the hydrogen generator
It is appropriate to choose as control points i the points that belong to the vector W( jω) hodograph, which are matched with frequency values ,
It should be noted that each i-th control point will be also matched with angular coordinate φ(ω i ) - Fig. 1 . This angular coordinate acquires a meaning of the phase-frequency characteristic of hydrogen generator φ(ω).
If we a priori assign n values of frequency ω i , as well as their corresponding angular coordinates φ i , it is appropriate then to use, as a criterion for determining technical condition of the hydrogen generator, a set of inequalities ( ) , 1, ,
where φ(ω i ) is the measured value of a phase-frequency characteristic of the hydrogen generator at frequency ω i ; ε is a small number. A technical condition of the hydrogen generator is taken to be compliant with the requirements of normative documents if for all n control points of the W( jω) hodograph conditions (7) are met.
The character of change in the frequency characteristics (4) to (6) allows us to specify the procedure for selecting parameters ω i and φ i . It follows from an analysis of dependences shown in Fig. 1 , 2 that when
the following relations will hold
Relations ( 
It should be noted that 1 5 w ≤ w (Fig. 1) . Therefore, the parameter ω 1 is matched with a smaller positive root of algebraic equation (10) ; and the parameter ω 5 -a larger positive root of a given equation.
For the example under consideration, algebraic equation (10) to (13) 
In this equation, a phase-frequency characteristic φ(ω) is determined in the following way: -formation of an array of initial data -ω i , φ i , ε; -measurement of (determining) the values for a phase-frequency characteristic of the generator at control points -φ(ω i ); -comparison of φ(ω i ) and ω i at control points in accordance with criterion (7); -making a decision on a technical condition of the hydrogen generator.
3. Determining a phase-frequency characteristic of the hydrogen generator
In order to implement a control algorithm, it is required to ensure obtaining information about the values of a phase-frequency characteristic of the hydrogen generator φ(ω i ) at i-th control points. A search for such information, based on the measurement of phase difference between pressure in the cavity of the hydrogen generator and the area of its outlet opening at the harmonic law of its change with a frequency of ω i , may prove to be too difficult to implement. A main difficulty here is associated with a change in the area of an outlet opening of the hydrogen generator in line with a harmonic law at frequencies of the order of (200.0÷450.0) s -1 . The need to form such a harmonic influence on the hydrogen generator can be eliminated if the frequency characteristic φ(ω) is determined indirectly. One of the techniques for determining the frequency characteristic φ(ω) was considered in [16] .
To determine a frequency characteristic φ(ω) in accordance with [16] , one changes the area of an outlet opening according to expression
where B=const; 1(t) is the Heaviside function. Fig. 4 shows the way pressure P(t) changes in the cavity of a hydrogen generator. Function P(t) can be represented in the following form
where τ is the interval of discreteness; Δ k is the pressure increment in a hydrogen generator cavity over time interval (k+1)τ-kτ 1 . where f m is the maximum value of spectrum frequency of function P(t). If one applies an integral Laplace transform to expression (18), the following occurs ( ) (
The expression for an amplitude-phase frequency characteristic of the hydrogen generator follows from (21) ( ) 
For a such method of identification of frequency characteristic φ(ω) an algorithm for determining a technical condition of the hydrogen generator comes down to the following:
-formation of an array of initial data -ω i , φ i , ε, B; -formation of a test influence on the hydrogen generator in the form of a jump change in the area of its outlet opening -in accordance with expression (17); -identification of phase-frequency characteristic of the hydrogen generator φ(ω) -in accordance with expression (23);
-determining the values for a phase-frequency characteristic of the generator at control points -φ(ω); -comparison φ(ω i ) and φ i at control points using criterion (7); -making a decision about a technical condition of the hydrogen generator. Fig. 5 shows graphical dependences for phase-frequency characteristics of the hydrogen generator, which are derived from expressions (16) and (23). The same figure shows a chart for misalignment error Δφ(ω) between these frequency characteristics.
We accepted, as the function P(t) that was used for the approximation with expression (18), the following function
where
is the Laplace inverse transform operator; F(S) is the Laplace image of function F(t).
With respect to expressions (1) and (17), expression (24) takes the form This expression describes a reaction of the hydrogen generator to a test influence in the form of a jump change in the area of its outlet opening by the magnitude B. It follows from an analysis of dependences shown in Fig. 5 that when τ=0.5 ms at frequency ω=600 s -1 the magnitude of a relative misalignment error does not exceed 3.7 %. The magnitude of the relative error of determining a phase-frequency characteristic of the gas generator is calculated by dividing the difference of expressions (16) and (23) by expression (16).
Discussion of results of the synthesis of control algorithms for hydrogen generators
A character of change in the amplitude-phase frequency characteristic of a hydrogen generator and its algebraic components predetermines the ideology of control algorithm over its technical condition. To construct such an algorithm, we introduce the concept of a "control point". Each control point is characterized by two parameters -frequency ,
and angular coordinate φ(ω i ) at the complex plane. The angular coordinate has a meaning of the phase-frequency characteristic of a hydrogen generator.
Use the information at control points of frequency characteristics of the hydrogen generator makes it possible to formulate the criteria that characterize its technical condition. Such criteria represent a system of inequalities, which include the a priori assigned parameters and the measured values of phase-frequency characteristics of the hydrogen generator at fixed frequencies.
A transition to the application of phase-frequency characteristics of the hydrogen generator, in contrast to employing amplitude-frequency characteristics, as shown in [14] , makes it possible to improve the reliability of the result of control over a technical condition. Improving the reliability of the result of control over a technical condition of the hydrogen generator is ensured by obtaining information in terms of phase-frequency characteristic at n control points. Unlike the approach under consideration, ref. [14] employs a one-time measurement of the amplitude-frequency characteristic of a hydrogen generator at the single, a priori assigned frequency.
To select the control points, we applied the hypothesis on that at each successive control point the value of a phase-frequency characteristic of the hydrogen generator differs from the preceding one by 45°. This allows reducing determining the values of frequencies at control points to solving a system of algebraic equations. The parameters of such a system of algebraic equations are the time constants, included in the structure of a transfer function of the hydrogen generator. The proposed control point selection ideology implies that their number is not less than five.
It should be noted that the control algorithm over a hydrogen generator implies acquiring information about the values of its phase-frequency characteristic φ(w i ) at i-th control points. Obtaining such information by measuring a phase shift angle between pressure in the generator cavity and the area of its outlet opening at the harmonic law of its change at frequency w i could prove difficult. The main difficulty here is associated with a change in the area of an outlet opening of the hydrogen generator in line with a harmonic law at frequencies (200.0÷450.0) s -1 .
The need to build such harmonic test influences on the hydrogen generator can be eliminated if the frequency characteristic φ(ω) is determined indirectly. Such a technique for determining the j(w) characteristic was proposed in [16] and is based on using information about a reaction of the hydrogen generator on the test influence described by the Heaviside function. A phase-frequency characteristic of the hydrogen generator is identified analytically based on the results of measuring pressure gains in its cavity with an interval of discreteness, which is derived from the Kotelnikov-Nyquist-Shannon theorem. To verify such an ( ) ( approach, we solved a test problem, in which we employed, as a function that describes a change in the pressure in the cavity of a hydrogen generator, its transient function. When solving a given problem, we have shown that a methodical error when determining phase-frequency characteristics of the hydrogen generator does not exceed 3.7 %. A special feature of the proposed control algorithm over a technical condition of the hydrogen generator, compared to the one described in [14] , is that we employ, as a test influence, a jump change in the area of its outlet opening. For the previously developed algorithm, a test influence is a change in the area of the outlet opening in line with the harmonic law at a frequency of the order of (80.0÷100.0) s -1 . To create such a test influence, one requires an additional device while there is no need for it in the proposed variant.
The proposed control algorithm implies the absence of an inertial component in the reaction of a hydrogen generator to a test influence in the form of a jump signal. In this regard, further development of the algorithm should be aimed at estimating the impact of an inertial component on the change in pressure in the generator cavity, predetermined by the difference of the test influence from a jump-like form. In addition, it is appropriate to solve a problem on forming a test influence on the hydrogen generator without the use of external devices.
Conclusions
1. It is shown that it is appropriate to use as a criterion for determining a technical condition of the generator for a hydrogen storage and supply system a system of inequalities, which characterizes position of figurative points along a phase-frequency characteristic of the hydrogen generator for the a priori assigned frequencies whose number does not exceed five.
2. It is substantiated that the choice of parameters at control points of frequency characteristics of the hydrogen generator is reduced to solving a problem on the identification of frequencies at whose values algebraic components of the integrated transfer function of the hydrogen generator coincide by modulo, or each of them becomes zero.
3. Solving a problem on the identification of parameters at control points of frequency characteristics of the hydrogen generator is reduced to solving a system of algebraic equations whose parameters are the time constants of a hydrogen generator. The solution to the problem is obtained for typical characteristics of the generator for a hydrogen storage and supply system, from which it follows that the maximum frequency value does not exceed 450.0 s -1 . 4. We have developed an indirect method for determining phase-frequency characteristics of the hydrogen generator used to generate its control algorithm that eliminates the need for the formation of harmonic test influences throughout the entire range of changes in frequencies and is based on using information about a reaction of the hydrogen generator to the test influence in the form of a Heaviside function.
5. The result of solving a test problem has shown that a methodical error when determining phase-frequency characteristics of the hydrogen generator does not exceed 3.7 %.
Introduction
Under conditions of intensification, maximization of profitability and ensuring technological safety of production, certain problems emerge related to the adjustment, optimization and improvement of the structure of automated control systems. Despite the emergence and gaining popularity of advanced control methods, such as Model Predictive Control, Fuzzy Logic, controllers based on the proportional-integral-differential (PID) law of regulation are the most popular at present, with a share of up to 90 % [1] .
The operation and adjustment of regulation system is the major problem today. Thirty percent of the controllers used in industry are incorrectly adjusted [2] because natural nonlinearities of technical implementation have not been taken into consideration. In many PID controllers, differential component is shut down. The main causes of shutdown include complexity of adjustment and insufficient knowledge of the dynamics of control process. The result obtained is the incorrect adjustment of parameters leading to worsening efficiency of a technological process control and performance of a unit in general.
